We propose a supersymmetric extra U(1) model, which can generate small neutrino masses and necessary µ terms, simultaneously. Fields including quarks and leptons are embedded in three 27s of E 6 in a different way among generations. The model has an extra U(1) gauge symmetry at TeV regions, which has discriminating features from other models studied previously. Since a neutrino mass matrix induced in the model has a constrained texture with limited parameters, it can give a prediction. If we impose neutrino oscillation data to fix those parameters, a value of sin θ 13 can be determined. We also discuss several phenomenological features which are discriminated from the ones of the MSSM. 
Introduction
automatically. It occurs as long as the full members of the irreducible representation of E 6 are contained in the model. It is also well known that such supersymmetric models can appear as the low energy effective models of heterotic string with Wilson line breaking [37, 38] . An interesting point of these models is that the required low energy gauge symmetry can be derived from E 6 without any superfields of higher dimensional representations.
Thus, the models can be constructed by strictly restricted fields only. This type of model has a lot of interesting features. One of them is that the models can have two U(1) gauge symmetries in addition to the U(1) Y in the SM [38] [39] [40] . They can play important roles phenomenologically at TeV scales or at intermediate scales of O(10 11−13 ) GeV. For example, the µ problem has been shown to be solved elegantly by using this TeV scale extra U(1) symmetry [31, 41] . On the other hand, the intermediate scale can be introduced as the breaking scale of another extra U(1) symmetry through a D-flat direction. This scale can be related to the masses of the right-handed neutrinos [31] .
It can also make extra matter fields heavy enough to decouple from low energy phenomena [32, 39, 40] . However, if we set the model so as to use this intermediate scale for the mass generation of the right-handed neutrinos, we can not make extra color triplet fields and extra Higgs doublet fields heavy enough. The extra U(1) symmetry constrained as a subgroup of E 6 forbids interaction terms required to make such fields heavy. Since these extra fields couple with quarks and leptons, dangerous couplings which induce proton decay and flavor changing neutral current (FCNC) remains in the low energy regions in general.
g In order to improve the difficulty of this type of extra U(1) model, we propose a novel modification. In the models considered previously, the fields are assigned to a fundamental representation 27 of E 6 in the same way among the generation. In this paper, we modify it among the generation [32] by imposing discrete symmetry on the superpotential of the model. Under this setting, we show that this new model can solve the above mentioned various problems in the ordinary model of this type, simultaneously. h On the basis of this g In spite of this fault, this type of models have various interesting features. Study on those points can be found in , for example.
h Only a type of extra U(1) at low energy regions has been known to generate small neutrino masses due to a high-scale seesaw mechanism in the E 6 framework. It corresponds to a case with θ = arctan √ 15
if we define this extra U(1) ′ as U(1) ′ =U(1) χ cos θ+U(1) ψ sin θ. We note that our U(1) symmetry discussed in this paper corresponds to U(1) χ , which gives a new possibility for neutrino mass generation.
model, we derive a neutrino mass matrix and analyze it by using the neutrino oscillation data. Other phenomenological features which are discriminated from the ones of the MSSM are also discussed.
The remaining parts are organized as follows. In section 2 we define our model and discuss the discrete symmetry considered in the model. We also address intermediate scales and explain its possible role in the model. In section 3 we fix the effective model at the TeV regions and study its various phenomenological features. Neutrino mass generation in the model and results derived from it are investigated in detail. In section 4 we summarize the paper.
2 A model based on E 6
Field contents and symmetry
We consider a model which is expected to be derived as an effective model of string inspired E 6 models through Wilson line breaking [37, 38] . Gauge symmetry is SU(3)×SU(2)×U (1) 3 which is expected to be induced from E 6 due to the Wilson line breaking. Massless chiral superfields are composed of three of the E 6 fundamental representation 27 and a part of the vector like pair 27 + 27 [38] [39] [40] . A fundamental representation 27 of E 6 can be decomposed under the above mentioned low energy gauge symmetry as shown in Table   1 . As a remaining content of the vector like pair 27 + 27, we take A 7 +Ā 7 .
i Features of the model crucially depend on the way to embed the physical fields in A 1 -A 11 of 27. Although this embedding is usually done in the same way for every generation, we adopt here a twisted field assignment as shown in Table 1 , where the fields are embedded differently among generations [32] .
Gauge invariant renormalizable superpotential is given by
where Yukawa couplings and generation indices are abbreviated. These terms generally exist unless some additional symmetry forbids them. Since the terms in the second line i This type of field content has been suggested to be induced through Wilson line breaking [39, 40] .
are dangerous for proton stability, a part of those terms is required to disappear from the low energy effective superpotential by imposing some additional symmetry or by making extra fields sufficiently heavy as a result of symmetry breaking at some high energy scales.
As easily seen from Table 1 , the model has three color triplet pairs (g,ḡ) and two extra Higgs doublet pairs (H u , H d ) beyond the MSSM contents at this stage.
It is important to note that there also appear gauge invariant nonrenormalizable terms
where M pl is the Planck mass and n abc is a positive integer to be determined for each term
The value of n abc depends on the additional symmetry considered in the model. Some of these can cause important contributions to the low energy effective models if both A 7 andĀ 7 obtain large vacuum expectation values (VEVs).
In particular, the terms in W N R 1 corresponding to the last two terms in W 1 should be taken into account since they are relevant to the mass of the above mentioned extra fields. These points will be discussed in the next subsection.
Now we consider the model with Z 2 × Z 4 as the additional symmetry. j Its charge assignment for each chiral superfield in 27 are also shown in Table. 1. The Z 2 symmetry will be identified with R parity. For A 7 andĀ 7 , we assign them the Z 2 parity and the Z 4 charge as (+, +1) and (+, 0), respectively. The allowed terms in superpotential W 1 under this discrete symmetry can be restricted as follows,
where Yukawa couplings are omitted again. Generation indices are labeled by Greek and Latin characters α = 1, 2 and i = 1, 2, 3. Nonrenormalizable terms allowed by the same j Since we suppose the Wilson line breaking of E 6 , this discrete symmetry should be consistent with the gauge symmetry SU(3)×SU(2)× U(1) 3 but not with E 6 . We may be able to find relations between this symmetry and the discrete symmetry which is used to define the multiply connected manifold as the basis of Wilson line breaking as shown in [39, 40] . It is likely that they are identified each other and in that case the present discrete symmetry is considered to be built in the model originally. are easily found to be restricted to
In eq. (4), we list up all terms corresponding to the ones in W 1 which include A 7 . For other terms, we write only the O(ǫ) terms in eq. (3). The reason for this is that the VEV of A 7 is considered large enough but ǫ ≪ 1, as shown in the next subsection.
As found in these superpotentials W 2 and W NR 2 , there still remain the couplings among extra colored fields and quarks which are dangerous for proton stability. Moreover, small neutrino masses can not be explained only from these. The existence of extra fields could also spoil gauge coupling unification. Because of these reasons, it seems to be favorable that a part of these extra fields becomes heavy through some symmetry breaking at a much higher energy scale than the weak scale. If the fields contributing to neutrino mass generation become heavy enough due to the same symmetry breaking, the smallness of neutrino masses can also be explained. In the next part, we address the possibility to cause this symmetry breaking at a desirable high energy scale.
An intermediate scale induced by a D-flat direction
Problems addressed at the end of the last part can be solved if scalar components of a vector like pair A 7 +Ā 7 have large VEVs. The lowest order invariant superpotential for A 7 andĀ 7 is written as
where the coupling constant c is naturally considered to be O(1).
gives a D-flat direction of extra U(1) gauge symmetries, minimum points of the scalar potential for these are expected to appear along this direction [38] [39] [40] . On these points, both the extra gauge symmetry U(1) χ and the Z 2 symmetry remain unbroken. Although Z 4 is spontaneously broken, an associated domain wall problem can not be serious in this case. Since this symmetry breaking occurs at sufficiently high energy scale as seen below, inflation is expected to occur after it to resolve this problem. The remaining U(1) χ is expected to give a solution to the µ problem at TeV scales in the way as suggested in [31] .
Moreover, since the Z 2 parity of the SM contents are assigned as even, the lightest Z 2 odd field is stable to be a dark matter candidate.
The scalar potential derived from W A along this D-flat direction is expressed by the
where m s stands for the soft supersymmetry breaking mass of O (1) TeV. By minimizing the scalar potential V , we can determine a value of φ as
This gives |φ| ∼ 2 × 10 16 GeV and then ǫ defined in eq. (2) is estimated as ǫ ∼ 10 −6 .
Since fermionic components of A 7 andĀ 7 mix with a broken U(1) ψ gaugino, their mass eigenvalues are expected to be O(g ψ |φ|) where g ψ is a gauge coupling constant of U(1) ψ .
The symmetry breaking at this scale controls the massless field contents which constitute the low energy effective model through the couplings with A 7 . This is found in W 2 .
Although the model has three pairs of . The VEV φ also makes some of singletsN i and S i very heavy through another gauge invariant nonrenormalizable coupling
This coupling is controlled by the discrete symmetry Z 4 and generates the mass of O(|φ| 2 /M pl ) forN 3 and S 1 , which may play a role of heavy right-handed neutrinos with the mass of O(10 13 ) GeV [31] .
Here, it is worthy to note the magnitude of the couplings with A 7 in other terms, which are forbidden by Z 4 as the renormalizable couplings in W 2 but appear as the invariant
suppressed, they can be neglected in the following discussion. On the other hand, since light chiral superfields,
This superpotential W 3 includes necessary terms to realize the favorable structure of the MSSM and also the important terms for the neutrino mass generation. It should be noted that the third line in W 3 contains the terms which include heavy chiral superfields relevant to the neutrino mass generation. As soft supersymmetry breaking parameters, we introduce the soft masses m 2 s for scalar components of all chiral superfields, and a trilinear scalar coupling A with mass dimension one which appears for each term in W 3 , and the soft masses of gauginosW i ,B,χ for each gauge factor group SU(2), U(1) Y , U(1) χ and also gluinos. All other mass scales in the model are considered to be radiatively generated from these soft supersymmetry breaking parameters. Now, we address several interesting features of this model in the following parts.
µ terms and quark/lepton masses
The model has two kinds of µ term. Following the radiative symmetry breaking scenario based on the renormalization group equations (RGEs) for the soft scalar masses of the singlet scalars S 2,3 , they can obtain the VEVs as follows,
This is expected to occur since these singlet scalars have couplings with the colored fields and then the squared masses of S 2,3 can take negative values at weak scales [31, 41] . As a result of these VEVs, two µ terms are generated from the λ 1,2 terms as µ = λ 1 u and
Since H u 2 has a large Yukawa coupling with top quark, it is also expected to have a VEV as usual. Thus, if we note the existence of effective µ terms and remind the experience in the MSSM, the vacuum structure at TeV regions is considered to be fixed l In the following parts, the scalar component is expressed by the same character as the chiral superfield and a tilde is put on the character for the fermionic component.
by
where we define v It is useful to note that the usual R-parity violating terms allowed by the MSSM gauge structure are also forbidden at the level of W 2 through the existence of the extra U (1) symmetries. This Z 2 symmetry can guarantee the stability of the lightest particle with odd parity.
Under this vacuum, the masses of quarks and charged leptons are generated as
Neutrino masses are discussed in the next part. The charged lepton mass matrix is generated by the couplings with two Higgs doublets H 
This new basis is consistent with the imposed discrete symmetry. Thus, there appears no additional lepton flavor mixing induced through the light Higgs sector under the supposed conditions.
The down quark sector has the mass mixing with the extra colored fields as
This is an important feature of this model. The mixing may be detected as the deviation from the CKM scheme through future experiments for the B meson system. These extra colored fields are also expected to be found at the LHC directly. If each Yukawa coupling takes appropriate values, these mass matrices (12) and (14) are expected to realize the mass eigenvalues and the flavor mixings. However, since the model can not predict the magnitude and flavor structure of the Yukawa couplings at the present stage, we do not discuss this problem further here.
Mass and mixing of neutrinos
Next, we proceed to estimate the mass and the mixing of neutrinos in the model. The present model contains a heavy Z 2 even neutral fermionH
and its scalar partner which has no VEV. Here we note that Majorana mass is generated forH 0 u 3 through the mixing with the heavy fermionÑ 3 . Since they can couple with left-handed neutrinos ν i as found in W 3 , small neutrino masses and non-trivial neutrino mixing can be induced.
If the singlet scalars S 2,3 obtain the VEVs as shown in eq. (10), the first two terms in the third line of W 3 generate Majorana masses for ν 1,2,3 through the seesaw mechanism. Unfortunately, only one nonzero mass eigenvalue can be generated from these contributions.
However, we find that ν 1,2 can also obtain the radiative mass through one-loop diagrams as shown in Fig. 1 . These effects make the model viable for the neutrino mass generation. (23) and (30) . On the other hand, the bulbs in internal scalar lines of (a) and (b) is induced by supersymmetry breaking A terms in eqs. (33) and (27), respectively.
The mass matrix for three light Majorana neutrinos ν 1,2,3 is expressed by
where
The first term is generated through the ordinary seesaw mechanism caused by the heavy neutral fermionH 0 u 3 . The second term is generated through the radiative seesaw mechanism and their relevant diagrams are shown in Fig. 1 . 
where M is the effective mass of H u 3 , which is generated by the VEV φ. In eq. Fig. 1(a)(Fig. 1(b) ), respectively. The effective mass of the internal fermion is expressed by m a,b F . Detailed discussion on these issues is given in Appendix B. Since both the fermionic componentH u 3 and the bosonic component H u 3 obtain the m The similar type of radiative neutrino mass generation in supersymmetric model has been discussed in [76, 77] . However, details are different between the present model and the one discussed there. As mentioned in the previous parts, the present extra U(1)s make it possible to solve the µ problem radiatively and also give both the origins of the existence of the singlet chiral superfields and the right-handed neutrino mass scale. Fig. 1(b) . Using this fact, Λ a,b 2 can be estimated for each case as
From these expressions, we find that the diagram (a) gives the dominant contribution to the neutrino masses. This scale can be desirable values if the couplings and the soft supersymmetry breaking parameters are fixed appropriately within the reasonable regions.
Since the VEV φ is sufficiently large as discussed before, we do not need any unnaturally small coupling constants to generate the small neutrino masses. In this point the present model improves the original non-supersymmetric version for the radiative seesaw model [12] .
We note that the mass matrix M ν is expressed by using only 5 independent parameters. This makes the model predictive. If we impose the known experimental data, we can predict a value of sin θ 13 . We examine the validity of this neutrino mass matrix by imposing the neutrino oscillation data. We know how neutrinos should mix each other by using the neutrino oscillation data [1] [2] [3] [4] . We require that the neutrino mass matrix 
where U is defined by Table 2 Numerical values of the parameters for the solutions in the normal hierarchy case. All dimensional parameters are given by the eV unit.
Other phenomenological features
The model has various features discriminating from the MSSM at TeV regions. Some of them are caused by the existence of extra color triplets and extra Higgs doublets. The former makes it possible to generate two types of µ-terms radiatively through the RGE effects on the soft masses of the singlet scalars. They mix with the down type quarks
as mentioned before and we may find these extra color triplets in the LHC experiments [79, 80] . The latter brings special structure for the charged lepton mass matrix and also the extended chargino and neutralino sector through two types of µ-term. We can expect that these features make it possible to distinguish the model from the MSSM. They may be detected in future experiments.
One-loop diagrams similar to the one for the neutrino masses in Fig. 1 might cause additional contributes to other phenomena, which do not appear in the MSSM. In fact, the lepton flavor violating processes such as µ → eγ are known to give severe constraints on the original non-supersymmetric model for the radiative seesaw [16] . n Although the small neutrino masses are guaranteed by an extremely small Higgs coupling in the scalar potential in this original model, the existence of the heavy doublet chiral superfield H u3 makes the neutrino mass small in the present model. Thus, we need no such a small coupling here. This makes the nature of the new contributions to the lepton flavor violating processes very different in both cases. Since these contributions are sufficiently suppressed due to the heaviness of H u 3 in the present model, the dominant constraints from the lepton flavor violating processes appear as the conditions for the ordinary contributions caused by the supersymmetry breaking sector. Thus, the neutrino mass generation is not affected by the FCNC constraints. This is different from the original radiative seesaw n A possibility to loose this tension in a non-SUSY framework is proposed in [27, 28] .
model. Because of the same reason, new contributions to the muon anomalous magnetic moment δa µ due to the similar one-loop diagrams are also negligible. If we try to explain the presently reported experimental value δa µ = (30.2 ± 8.7) × 10 −10 [81, 82] , we need to find its origin in the contributions expected also in other supersymmetric models.
Finally, we comment on a dark matter candidate. Our model has the exact Z 2 symmetry, which can be identified with the R parity. Since the even parity of this Z 2 symmetry are assigned to the SM contents, dark matter is consider to be the lightest neutral field with the odd parity. Thus, the candidate is expected to be the lightest neutralino as mentioned before. In the present model, there are new neutralino components other than the MSSM ones. Since the lightest one is not related to the one-loop neutrino mass generation discussed before, its abundance has no direct relation with both the neutrino mass generation and the constraint from the lepton flavor violating processes such as µ → eγ.
The nature of the lightest neutralino is determined by their mass matrix M N given in Appendix B. Its detailed analysis is beyond the scope of this paper. Here, we only point out an interesting possibility on this issue, especially, the relation between the dark matter relic abundance and the PAMELA anomaly [83] which shows the positron excess at 10 GeV-100 GeV in the cosmic ray from the galactic center.
We consider a case in which a neutralino dominated byÑ 1 andH u 1 orÑ 2 andH u 2 is the lightest one. In that case their nature as the dark matter is completely different from that of the dark matter candidate in the MSSM. Since such states have the Yukawa , the Breit-Wigner enhancement may make this annihilation cross section much larger in the present Galaxy [84, 85] . In that case, the final states of the annihilation is mainly composed of leptons. This may allow the model to give a consistent explanation for this huge boost factor problem. Since the dark matter can not be so heavy in the present model as found from the neutralino mass matrix (30), we need origins other than the dark matter annihilation for the explanation of the excess of positron and electron flux at higher energy regions observed in the Fermi-LAT experiment [86] . We would like to discuss this issue quantitatively elsewhere.
Summary
Present experimental data on dark matter and neutrino masses impose us to extend the SM. In this paper we have considered a new possibility of such extensions in the framework of a supersymmetric model with an extra U(1) symmetry at TeV regions, which is constructed on the basis of E 6 . In the ordinary E 6 framework, unless the fields of higher dimensional representations are introduced, only a unique example of the extra U(1) has been known to be consistent with large right-handed Majorana neutrino masses. In that case the small neutrino mass generation can be considered on the basis of the seesaw mechanism. In other types of low energy extra U(1) symmetry in the E 6 framework, however, it is difficult to make the right-handed neutrinos heavy enough keeping the consistency with this TeV scale U(1) symmetry. Thus, the neutrino masses can not be small enough naturally as long as we follow the usual field assignment. Although the extra U(1) symmetry in O(1) TeV regions gives an elegant solution for the µ problem in the MSSM, this solution can not be consistent with the small neutrino mass generation based on the seesaw mechanism except for the unique case mentioned above.
In this paper we have proposed a scenario in which a new type of extra U(1) symmetry in E 6 may give a consistent explanation for both the small neutrino mass generation and the µ problem. By embedding the MSSM fields in the fundamental representation 27
in the different way among the generations, we have shown that both of them can be consistently explained. The small neutrino masses are generated by both the seesaw mechanism due to a heavy SU(2) doublet fermion and also one-loop effects similar to the radiative seesaw in the non-supersymmetric model. Since neutrino mass matrix has the constrained texture with the restricted number of parameters, the model is predictive in the neutrino sector. Our numerical study shows that the model can be consistent with all neutrino oscillation data. For that parameter set sin θ 13 can be predicted. We have given such examples. The model has other interesting phenomenological features, that is, the gauge coupling unification expected at a GUT scale, the existence of several extra fields which may be detected in the LHC experiment and others, and also the dark matter candidate which may have different features from the one of the MSSM. These aspects seems to make the model interesting and also deserve further study.
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Appendix A
The charged lepton mass matrix in eq. (12) This guarantees to bring no additional origin for the lepton flavor violating processes. As such conditions, we may adopt
In this case, we can easily find that eq. (13) is realized, if we take a new basis for the right-handed charged leptons such asĒ ′ = VĒ where V is defined as
and ξ n = (
2 ) 1/2 . Yukawa coupling constants in this new basis are expressed as
Appendix B
In this appendix we address both masses and mixings of the fields which play important roles in the neutrino mass generation shown by There are heavy colorless chiral superfields, which obtain masses through the couplings with A 7 andĀ 7 as discussed in the text. Their fermionic components are Z 2 even as the ordinary quarks and leptons. The effective superpotential for these heavy chiral superfields at the weak scales are found to be given by
where we list up dominant terms only and M N = O(φ 2 /M pl ). The first two terms come from the last line of the superpotential W 2 . A mass term forN 3 is induced through the interaction in eq. (8) . Thus, the mass matrix for the neutral fermionic components of
As found from the couplings ofH 
H , we find that the mass eigenvalues and the mixing matrix V H are estimated as
where we use the relation φ, M N ≫ v 2 to derive these results. If we express Λ 2 in eq. (16) as Λ 2 = f (m F , m B ), Λ 2 can be written by using the mass eigenstates derived above as
Thus, the effective mass m F of the internal fermion in Fig. 1(a) can be estimated as m F ∼ γ 1 φ.
Next, we represent scalar partners of these chiral superfields as Φ = (H and define their mass terms by
where these mass matrices can be expressed as 
In these mass matrices we introduce the supersymmetry breaking universal soft scalar masses m 2 s and also the universal soft supersymmetry breaking parameter A for the scalar trilinear couplings. Since φ constitutes a D-flat direction for U(1) ψ , there are no D-term contributions to the scalar masses. By using these results, the effective mass m B and the mixing Λ B appeared in the internal scalar line of Fig. 1(b) are estimated as
where we again take account of φ ≫ v 2 , m s to derive these results.
The model contains a lot of Z 2 odd neutral fermions and their Z 2 even scalar partners.
One-loop diagrams for the neutrino mass generation in Fig. 1 
Each neutralino componentÑ n is related to the mass eigenstatesχ a through
where V N is the mixing matrix which diagonalizes the neutralino mass matrix M N defined in eq. (30) 
